Abstract: The N 2 O and CO 2 emissions from soil amended with cattle manure and compost from animals fed a diet including wheat dried distillers' grains with solubles (DDGS) were evaluated in a 105 d aerobic incubation study in the laboratory. Manure (BM) and compost (BC) from cattle fed a typical finishing diet containing barley, and manure (DDGSM) and compost (DDGSC) from cattle fed a diet containing 60% wheat DDGS replacing barley grain, were used. A nonamended control (soil without manure or compost) was included for comparison. Organic amendments significantly increased N 2 O and CO 2 emissions compared with the control, and manure resulted in significantly higher CO 2 emissions than compost. Adding DDGS to cattle diet resulted in significantly higher N 2 O emission amounts and emission factors from soil regardless of whether the amendment was manure or compost, mainly due to increased NH 4 + -N content. While N 2 O emissions were lower in soil amended with DDGSC than DDGSM, there was no difference in N 2 O emissions when soils were amended with BM and BC. Our results suggest that across diet types and management approaches, application of compost from cattle fed a typical diet could be less detrimental to the environment with relatively lower emissions of CO 2 and N 2 O. Mots-clés : oxyde nitreux, dioxyde de carbone, fumier, compost, DDS.
Introduction
The increasing demand for renewable fuel in North America has resulted in a rapid increase in the production of ethanol (Renewable Fuels Association 2008) . Dried distillers' grains with solubles (DDGS) are the principal by-product of ethanol production, as conversion of 1000 kg of corn into ethanol results in approximately 309 kg of DDGS dry matter (DM) (Renewable Fuels Association 2008) . Because DDGS contains 20%-35% crude protein and energy values on par with or greater than corn, it is being used to replace a portion of the grain in high-energy ruminant diets (Klopfenstein et al. 2008) . Rising grain prices are also contributing to this trend (Yacobucci and Schnepf 2007) .
Adding DDGS to animal diets could potentially change the properties of manure and the resulting compost, such as their pH, N form and content, and C/N ratio (Yan et al. 2006; Maguire et al. 2007; Hao et al. 2009 ), and ultimately affect emissions of N 2 O and CO 2 . For example, Hao et al. (2011) found that including wheat DDGS at 60% DM in cattle diets doubled the N 2 O emission rate during composting due to the high waterextractable N content in DDGS manure, whereas CO 2 emission during composting was similar to that from cattle fed a typical barley-based finishing diet. Hünerberg et al. (2014) used the Holos greenhouse gas model to simulate model farms and found that feeding DDGS resulted in higher emissions of N 2 O and CO 2 compared to the control during the cattle life cycle, which includes enteric, manure storage, handling, and land application emissions. However, little information is available on N 2 O and CO 2 emissions after soil is amended with manure and compost from cattle fed DDGS.
Most cattle manure in Canada is applied to land for crop or forage feed production, usually near the source feedlot operation due to high transportation cost. Storage and land application of untreated livestock manure increases health risks for both animals and people, returning pathogens to the soil, water, and air and also creating unpleasant odors. Composting is an alternative approach for cattle manure management, which can reduce pathogens (Burton and Turner 2003) and control the emissions of odorous compounds. Moreover, composting is favorable for organic matter (OM) stabilization while improving handling of the product through safer storage and less costly transportation (Parkinson et al. 2004) .
Composting can change manure properties (Gil et al. 2008) , increasing pH and NO 3 − concentration while decreasing OM content, NH 4 + -N concentration, and the C/N ratio. Moreover, labile C forms are promptly consumed during manure composting (Angnes et al. 2013) , resulting in recalcitrant C-rich organic fertilizers. These property changes could impact C and N dynamics and potentially affect CO 2 and N 2 O emissions from amended soils (Yoo and Kang 2012) . Composting manure can significantly decrease N 2 O and CO 2 emissions from soils compared with those amended with raw cattle manure (Marcato et al. 2009; Takakai et al. 2010; Zhu et al. 2014; Grave et al. 2015) . However, Vallejo et al. (2006) found that applying composted manure increased N 2 O emissions by 40% compared with untreated manure, while in another study, there were no differences in CO 2 emissions between composted and raw manure amendments (Giacomini and Aita 2008) . These conflicting research results indicate that further investigation is needed to understand how manure management approaches affect N 2 O and CO 2 emissions. A better understanding of how diet type and manure management approach can affect N 2 O and CO 2 emissions from organic amendment is needed to develop environmentally sound livestock management strategies. In this study, we assessed the impact of DDGS in cattle diets on N 2 O and CO 2 emissions from manureamended soil and compost-amended soil during a 105-d incubation experiment. Our objectives were to (1) investigate changes in N 2 O and CO 2 emissions from soil amended with manure compared with compost and (2) evaluate the effects of diet type on N 2 O and CO 2 emissions from soil amended with feedlot cattle manure and compost.
Materials and Methods

Soil and organic amendments
Surface soil (0-15 cm) was collected near Lethbridge, AB, Canada (49°42′N, 112°47′W). The soil was a Dark Brown Chernozem (fine-loamy, mixed Typic Haploboroll) with 435 g kg −1 sand, 271 g kg −1 silt, and 294 g kg −1 clay. The site had been cropped to wheat in the preceding growing season. After removal of the crop residue, one composite sample (50 kg) of the top 15 cm of the soil was collected. Remaining roots and crop residues were removed by hand, and the soil was left to air dry at room temperature. The soil was then ground to pass a 2 mm sieve, thoroughly mixed, and stored at room temperature (22 ± 1.6°C) until the start of the experiment. Four types of organic amendments produced at Lethbridge Research and Development Centre were used for the study: manure (BM) and compost (BC) from cattle fed a typical finishing diet (DM basis) containing 85% barley grain, 10% barley silage, and 5% supplement, and manure (DDGSM) and compost (DDGSC) from cattle fed a diet containing 60% wheat DDGS, 25% barley grain, 10% barley silage, and 5% supplement. Both BM and DDGSM were composted for 99 d with manure samples (BM and DDGSM) collected on Day 0 and compost samples (BC and DDGSC) on Day 99 from the compost trial reported by Hao et al. (2011) . Both manure and compost samples were freeze-dried, ground to pass a 2 mm sieve, and thoroughly mixed before use. The main properties of the soil and organic amendments used in this study are given in Table 1 .
Physical and chemical analysis
Soil and amendment pH were measured at 1:2 soil: water ratio and 1:10 amendment:water (mass to volume) suspension using an Accumet AB pH meter (Fisher Scientific, Hampton, NH, USA). Soil particle size distribution was analyzed by the pipette method after pretreatment to remove soluble salts, OM, and carbonates (Gee and Bauder 1986) . Soil moisture content at water holding capacity (WHC) was determined according to Fierer and Schimel (2002) . The organic carbon (OC) and total nitrogen (TN) contents were determined by dry combustion techniques using a Carlo Erba CNS analyzer (Carlo Erba Instruments, Milan, Italy). The inorganic C was removed with 6 mol L −1 HCl prior to soil organic carbon (SOC) determination. Available N (AN; NO 3 − and NH 4 + ) concentrations were determined using a model AA3 autoanalyzer (Bran + Luebbe, Norderstedt, Germany) following extraction of 5 g soil samples or 0.5 g organic amendment with 2 mol L −1
KCl (25 mL).
Soil incubation
Each soil column was prepared by thoroughly mixing 20 g (dry weight basis) soil and 3.33 g amendment and placing the mixture into a 50 mL polyvinyl chloride tube. Soil columns were packed to a bulk density of 1.0 t m . The amount of amendment added to soil was calculated to reflect a field incorporation rate of 160 Mg ha −1 into the top 10 cm soil layer, which is typical for barley forage production when organic amendments are applied once every 3 yr. All treatments were replicated three times, including soil samples receiving no amendment which served as the control (CK). Deionized water was added evenly over the soil surface with a minipipette to bring the moisture content to 60% WHC. Then soil columns were placed in 1 L widemouthed sealer jars covered with a piece of parafilm with five small pinholes punched to ensure gaseous exchange during the incubation. All of the jars were incubated at 22°C for 105 d. Each soil column at 60% WHC was weighed soon after setup, and the water lost by evaporation was replaced weekly by adding deionized water using a minipipette to the prespecified weight. Gas samples for N 2 O and CO 2 measurements were collected 1, 4, and 7 d after the start of incubation and at 7 d intervals thereafter. At each sampling date, the headspace of each jar was flushed with laboratory air to ensure that N 2 O and CO 2 were at ambient levels, and then sealed with an aluminum screw cap fitted with a rubber septum for 2 h. After 2 h, a 10 mL gas sample was collected from the headspace of each jar using a 10 mL gastight syringe (BD, Franklin Lakes, NJ, USA) and transferred to a preevacuated 5.9 mL Exetainer vial (Labco, High Wycombe, Buckinghamshire, England). Blank jars were included to correct for background (i.e., ambient) N 2 O and CO 2 concentrations in laboratory air. The concentrations of N 2 O and CO 2 were determined with a two-channel gas chromatograph (Varian 3800, Varian Inc., Palo Alto, CA, USA) equipped with an electron capture detector, a flame ionization detector, and a thermal conductivity detector. One channel measured CO 2 after separation on a 2.0-m-long Poropak QS column and the other measured N 2 O following separation on a 2.0-m-long Haysep D column. Injector and column temperatures were kept at 55°C. Helium was used as the carrier gas for CO 2 , while P10 gas (10% CH 4 and balance argon) was used as the carrier gas for N 2 O. Analyses were calibrated (0.99995 < R 2 < 0.99999) against standards certified by the National Oceanic and Atmospheric Administration's Earth Systems Research Laboratory (Boulder, CO, USA) and Linde Canada Ltd. (Edmonton, AB, Canada). Background N 2 O and CO 2 concentrations were subtracted from the measurements prior to data analysis. Note: BM, manure from cattle fed a typical finishing diet; BC, compost from cattle fed a typical finishing diet; DDGSM, manure from cattle fed a diet containing 60% wheat DDGS replacing barley grain; DDGSC, compost from cattle fed a diet containing 60% wheat DDGS replacing barley grain.
a Sum of NH 4 + -N and NO 3 − -N.
Calculations and statistical analysis
Nitrous oxide and CO 2 fluxes (as μg N 2 O-N kg
were calculated from their rates of accumulation in the headspace of each jar, assuming a linear increase in gas concentration with time (Velthof et al. 2003) . Cumulative N 2 O and CO 2 emissions were calculated from the integrated flux over the incubation period.
The N 2 O (fN 2 O) and CO 2 ( fCO 2 ) emission factors (EFs), expressed in percentage of N or C applied in the amendments, were calculated as follows:
where N 2 O-N treatment and CO 2 -C treatment are the cumulative emissions of N 2 O and CO 2 from the amendment treatment (mg N kg −1 or g C kg ). Two-way ANOVAs were used to analyze the effects of management approach, diet type, and their interactions on N 2 O and CO 2 cumulative emissions. A one-way ANOVA analysis and Duncan's multiple range test were applied after testing for normal distribution to examine the statistical significance among cumulative emissions of N 2 O and CO 2 in consideration of both management approach and diet type at α = 0.05. Relationships between soil properties and N 2 O and CO 2 cumulative emissions were examined using Spearman's rank correlation. All statistical calculations were performed using SPSS software version 22.0 (IBM Corp., Armonk, NY, USA).
Results
Properties of amendments
The pH, OC, and C/N ratio of manure were higher than the compost, regardless of diet type, while the inverse was true for TN content (Table 1) . For the two diet types, the pH and OC of organic amendments from barley-fed cattle were higher than those fed with 60% DDGS. The pH and OC were generally in the order of BM > BC > DDGSM > DDGSC. The manure NH 4 + -N contents were higher than the compost, and the ranking was reversed for NO 3 − -N regardless of diet type.
Adding DDGS to the cattle diet increased NH 4 + -N content in manure and compost by 2.34 and 1.34 times; it also increased NO 3 − -N content in compost by 3.86 times. However, the NO 3 − -N content in DDGSM was significantly lower than that in BM.
In general, N 2 O flux from soils attained its highest value on the first day of the incubation period, decreased over time, and reached the lowest values toward the end. The DDGSM treatment was an exception; it was characterized by an initial increase, peaking on Day 4, followed by a decrease with time as observed for other treatments (Fig. 1) . In general, all amended treatments had greater N 2 O flux than the nonamended control, but the differences decreased with time. Most N 2 O flux occurred during the first 7 wk for all treatments, with flux less than 0.2 μg N kg −1 h −1 from Week 8 to the end of incubation. Diet type had a significant impact on N 2 O flux, with the N 2 O flux from the DDGSM treatment significantly greater than from the BM treatment for the first 6 wk with minimal difference afterward. Compared to the BC treatment, N 2 O flux from DDGSC was significantly greater at each sampling time for the first 7 wk, but no difference was found between these two treatments after 7 wk. Applying compost (DDGSC) resulted in higher N 2 O flux than manure (DDGSM) at the start of incubation, followed by the opposite pattern as incubation progressed. However, no difference in N 2 O flux was found between manure (BM) and compost (BC). ), respectively. There were significant main and interaction effects of management (Table 2 and Fig. 2A) . The cumulative N 2 O emissions from soil amended with manure and compost with DDGS in the cattle diet were significantly higher than those without manure and compost. Application of DDGSM resulted in significantly higher N 2 O emissions than DDGSC, whereas no difference was found between BM and BC. The cumulative N 2 O emissions were positively correlated with soil NH 4 + content and to a lesser degree with AN content (Table 3 ). The N 2 O EF during the 105 d period represented 0.032%, 0.189%, 0.036%, and 0.060% of TN supplied with the BM, DDGSM, BC, and DDGSC amendments, respectively (Fig. 2B) , with the diet type and management approach effects similar to those of N 2 O cumulative emissions.
CO 2 flux from soils
The CO 2 flux from the BM, DDGSM, and BC treatments peaked on Days 4 and 7 for CK and DDGSC. From then on, flux in all treatments fluctuated but generally decreased (Fig. 3) . Organic amendments promoted flux of CO 2 , as indicated by the significantly higher CO 2 flux from manure-and compost-treated soils in comparison with the nonamended control. CO 2 flux from manuretreated soils was consistently significantly higher than that from compost applications regardless of diet type.
No diet type effect on CO 2 flux was observed regardless of manure or compost application.
CO 2 cumulative emissions
Organic amendments significantly increased CO 2 cumulative emissions (Fig. 4A) . Compared with the nonamended control (1.26 g C kg −1 ), CO 2 cumulative emissions from the BM (11.6 g C kg −1 ), DDGSM (12.6 g C kg ), and DDGSC treatments (4.96 g C kg −1 ) were 9.21, 10.0, 4.27, and 3.94 times greater, respectively. The cumulative CO 2 emissions clearly depended on the management approach (Table 2 and Fig. 4A) , with the emissions from manure-treated soils significantly higher than those from compost-treated (Table 2 ). There were positive and statistically significant correlations between soil pH, OC, C/N, NH 4 + -N, and cumulative CO 2 emissions (Table 3 ). The CO 2 EF was higher for manure application than compost, with 14.3% and 17.4% of the applied total C emitted as CO 2 from BM and DDGSM treatments, respectively. The values for the BC and DDGSC treatments were 6.08% and 6.30%, respectively (Fig. 4B) , with the difference not significant.
Discussion
Amendment properties
The significantly lower OC contents in BC and DDGSC compost than those in BM and DDGSM manure, respectively, were mainly due to C loss through OM decomposition during the composting process . The relatively lower compost C/N ratio compared to that of manure implies higher losses of C versus N during composting. Including DDGS in cattle diets leads to relatively lower OC contents in manure and compost, given that the C content in DDGS is lower than in unprocessed barley grain as fermentation basically removes starch (Spiehs et al. 2002) . The respectively higher NH 4 + -N in DDGSM and DDGSC than BM and BC reflects greater N excretion into manure originating from the DDGS diet (Hao et al. 2009 Note: OC, organic carbon; TN, total nitrogen; AN, available nitrogen. *, P < 0.05; **, P < 0.01. Fig. 4 . CO 2 cumulative emissions (A) and CO 2 emission factor (EF) (B) during 105-d incubation as affected by management approach and diet type. CK, nonamended soil; BM and BC, manure and compost from cattle fed a typical finishing diet; DDGSM and DDGSC, manure and compost from cattle fed a diet containing 60% wheat DDGS replacing barley grain. Different letters indicate significant differences across all treatment combinations at P < 0.05. Vertical bars are standard deviations of the means (n = 3). This study was conducted under aerobic conditions that should favor nitrification. This was confirmed by positive correlations between the cumulative N 2 O emission and soil NH 4 + content. Following amendment application, a sharp peak in N 2 O flux occurred during the first day ( Fig. 1) as has been reported elsewhere (Chadwick et al. 2000; Yang et al. 2002) . This indicates that nitrification commences shortly after amendment application, or the denitrification of soil NO 3 − was enhanced by the addition of easily degradable organic substrates. These (Table 2 ) observed in this study suggests that nitrification plays a major role in N 2 O production under aerobic conditions. Our results were consistent with Cavalli et al. (2015) who also reported that N 2 O emissions from nitrification increase with NH 4 + -N content. It has been reported that nitrogen content in DDGS is approximately three times that of unprocessed grain (Spiehs et al. 2002; Widyaratne and Zijlstra 2007) , and adding DDGS to livestock diets could potentially increase the N excretion into manure (Maguire et al. 2007; Hao et al. 2009 ). In this study, adding DDGS to the cattle diet increased the NH 4 + -N content in both manure and compost (Table 1) , which is the main reason for greater N 2 O emissions in DDGSM and DDGSC than the BM and BC treatments. The DDGSM amendment had the highest NH 4 + -N among the four management and diet type combinations and thus resulted in the highest N 2 O emission. The significantly lower N 2 O emission from the DDGSC than DDGSM treatment in this study was consistent with the results of Takakai et al. (2010) and Zhu et al. (2014) , who also reported lower N 2 O emission in compost-amended than manure-amended soil. After composting, nitrification leads to a decrease in NH 4 + -N and less available substrate for nitrification. In this study, the NH 4 + -N content decreased from 1305 mg kg
in DDGS manure to 375 mg kg −1 in compost, thus contributing to the lower N 2 O emission from the DDGSC treatment than DDGSM. However, no difference was found between the N 2 O emissions from the BM and BC treatments, although there was significantly less NH 4 + -N in BC than BM (Table 1) . Other researchers reported greater N 2 O emissions from composted than untreated pig slurry (Vallejo et al. 2006 ), which they attributed to less soluble C applied through compost.
The greater available C content in manure promotes a higher biological O 2 demand (Rochette et al. 2000) , which favors the reduction of N 2 O to N 2 and leads to lower N 2 O emissions relative to compost (Bhandral et al. 2007) . During the 105 d incubation, both nitrification and denitrification processes could occur at 60% WHC condition and contribute to N 2 O production; the significant relationship between N 2 O emission and AN content in soil (Table 3) suggests the role of both processes in N 2 O production in soil. During denitrification, the greater available C in BM might promote the consumption of N 2 O and thus lead to emissions of N 2 O compared with BC. The underlying mechanisms should be further investigated.
The fraction of N 2 O emitted from N sources applied to soils (EF) increased when adding DDGS to cattle diet regardless of manure management approach, resulting from the increased ratio of NH 4 + /TN in DDGSM and DDGSC relative to BM and BC, respectively. The EF values observed in this study (0.032%-0.189%) were lower than those reported in the laboratory study of Zhu et al. (2014) , who estimated the N 2 O EFs from cattle manure to be from 1.83% to 7.03% over a period of 100 d. Freeze-drying the organic amendment together with the relatively low soil water content in this study might contribute to these lower emissions. The soil moisture content in this study was 60% WHC, equivalent to soil water content of 16.8%, which is not favorable for the occurrence of denitrification. However, the gravimetric soil water content in Zhu et al. (2014) ranged from 24.2% to 30.0%, close to water saturation, which probably promoted the occurrence of denitrification and greater emission of N 2 O, leading to the higher N 2 O EF relative to our results. The EF measurements in this study were much lower than the IPCC (2013) default of 1% and differed between organic amendments with different diet types and management approaches, indicating that it is inappropriate to use a single EF value for all types of organic fertilizer application under different environmental conditions. Velthof et al. (2003) also showed that under controlled laboratory conditions, N 2 O emission differs among soil amended with animal manures on different diets or managed by different approaches. Thus, specific EFs for various organic amendments under different application conditions are needed to improve the precision of the greenhouse gas inventories.
Carbon dioxide emissions
In the laboratory incubation, soil CO 2 emission was caused by microbial respiration and has been used as an important index for evaluating microbial activity (Janssens et al. 2001) . In this study, CO 2 flux peaked on Days 4 or 7 and then decreased gradually to the end due to the consumption of labile and readily mineralizable C pools. In contrast, Chiyoka et al. (2011) indicated that CO 2 flux in soils was greatest soon after setup and decreased to almost constant levels after the first week. This discrepancy may be due to residual effects of rewetting previously air-dried soil (Bertora et al. 2008 ).
Microbial organisms are well adapted for surviving dry conditions and becoming active soon after soil rewetting (Davidson 1992) . The delayed peak appearance in CK and DDGSC treatments might be due to the lower C contents relative to BM, DDGSM, and BC treatments (Table 1) .
Cattle manure is capable of promoting the bioavailable pool of OC (Triberti et al. 2008) . In turn, this promotes CO 2 production from readily bioavailable OC utilization by microbes (Iqbal et al. 2009 ). Nonamended soil had the lowest CO 2 flux and cumulative emissions because microbes need OC for growth and energy (Flessa and Beese 2000; Rochette et al. 2008) . Application of cattle manure or compost increased SOC contents by 1.02 to 1.93 times over the nonamended control, leading to high CO 2 flux and cumulative emissions from amended soils (Grave et al. 2015) .
Management approach significantly affected CO 2 emission from soil ( Fig. 4A) , with the cumulative emissions in BC and DDGSC treatments reduced by 53.7% and 60.6% in comparison with BM and DDGSM treatments, respectively, similar to the results by Grave et al. (2015) , who reported that the cumulative emissions of CO 2 -C from compost was half of that from raw manure applications. They also noted that OC content and the C/N ratio should be considered when explaining the difference in CO 2 emissions from soils amended with different organic amendments. The higher amount of OC supports greater microbial activities and a higher C/N ratio is favorable for the mineralization of OC (Calderon et al. 2004) . In this study, the relatively higher OC content and C/N ratio in BM than BC could contribute to the greater emissions of CO 2 from soil amended with BM. Similarly, the significantly higher OC content and C/N ratio in DDGSM resulted in significantly higher production of CO 2 in comparison with DDGSC amended soil. However, it is worth noting that emissions of CO 2 are also influenced by the nature and complexity of C compounds (Grave et al. 2015) . Microbial respiration is mainly controlled by the supply of readily decomposable soil OM. The complete oxidation of labile C pools and progressive humification of the manure and sawdust mixture during the composting process results in a highly recalcitrant organic fertilizer (Angnes et al. 2013; Grave et al. 2015) , which promotes lower CO 2 -C emissions. Our results indicate that CO 2 emission was highly correlated with pH (Table 3 ). The solubility of SOC is pH dependent, and a significant increase in SOC has been reported when soil pH is raised by addition of amendments (Lambie et al. 2012; Curtin et al. 2016 ). This may be another reason for the higher CO 2 emissions in DDGSM treatment relative to DDGSC treatment, as more C was available to the microbes.
The CO 2 EF ranged from 6.08% to 17.4% across different amendments, similar to the results of Zhu et al. (2014) who indicated that the carbon mineralization of raw manure and compost ranged from 7.62% to 59.0%. On average, 15.9% of the applied OC was emitted as CO 2 from manure-treated soils, while the proportion of C lost was 6.19% in case of compost application. This would mean that more C supplied with the compost was sequestrated by the soil, while a larger part of C supplied with manure was lost.
Conclusion
Cattle diet and management approach strongly affect the properties of cattle manure and thereby the potential N 2 O and CO 2 emissions. Composting manure significantly decreased soil CO 2 emissions due to the decreased OC content and C/N ratio, while diet type had no effect on soil CO 2 emissions after manure and compost application. Including wheat DDGS in cattle diets at 60% DM intake increased plant available N content but resulted in an undesirable increase in N 2 O emissions. This effect was more prominent for the manure from cattle fed with DDGS. Increased N 2 O emissions resulted from the increased available NH 4 + -N content. This suggests that including DDGS in cattle diets could increase the nutrient value of manure and compost, so less commercial N fertilizer would be needed for crop production, but the higher available N in manure and compost could pose environmental concerns due to increased N 2 O emissions after application to soil. Across the four combined treatments of diet type and management approach, application of compost from cattle fed with a typical diet may be more environmentally sound with relatively lower emissions of N 2 O and CO 2 . However, this study was case specific and based on laboratory incubation, so caution should be exercised when extrapolating these results to field conditions. Emissions during composting and stockpiling also need to be taken into consideration.
